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ABSTRACT

Background: Dietary cholesterol has been suggested to increase
the risk of cardiovascular disease (CVD), which has led to US
recommendations to reduce cholesterol intake.

Objective: The authors examine the effects of dietary cholesterol on
CVD risk in healthy adults by using systematic review and meta-analysis.
Design: MEDLINE, Cochrane Central, and Commonwealth Agricultural
Bureau Abstracts databases were searched through December 2013 for
prospective studies that quantified dietary cholesterol. Investigators indepen-
dently screened citations and verified extracted data on study and participant
characteristics, outcomes, and quality. Random-effect models meta-analysis
was used when at least 3 studies reported the same CVD outcome.
Results: Forty studies (17 cohorts in 19 publications with 361,923 sub-
jects and 19 trials in 21 publications with 632 subjects) published be-
tween 1979 and 2013 were eligible for review. Dietary cholesterol was
not statistically significantly associated with any coronary artery disease
(4 cohorts; no summary RR), ischemic stroke (4 cohorts; summary RR:
1.13; 95% CI: 0.99, 1.28), or hemorrhagic stroke (3 cohorts; summary
RR: 1.09; 95% CI: 0.79, 1.50). Dietary cholesterol statistically signifi-
cantly increased both serum total cholesterol (17 trials; net change: 11.2
mg/dL; 95% CI: 6.4, 15.9) and low-density lipoprotein (LDL) cholesterol
(14 trials; net change: 6.7 mg/dL; 95% CI: 1.7, 11.7 mg/dL). Increases in
LDL cholesterol were no longer statistically significant when intervention
doses exceeded 900 mg/d. Dietary cholesterol also statistically signifi-
cantly increased serum high-density lipoprotein cholesterol (13 trials; net
change: 3.2 mg/dL; 95% CI: 0.9, 9.7 mg/dL) and the LDL to high-
density lipoprotein ratio (5 trials; net change: 0.2; 95% CI: 0.0, 0.3).
Dietary cholesterol did not statistically significantly change serum tri-
glycerides or very-low-density lipoprotein concentrations.

Conclusion: Reviewed studies were heterogeneous and lacked the
methodologic rigor to draw any conclusions regarding the effects of
dietary cholesterol on CVD risk. Carefully adjusted and well-conducted
cohort studies would be useful to identify the relative effects of dietary
cholesterol on CVD risk. Am J Clin Nutr 2015;102:276-94.
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INTRODUCTION

Dietary cholesterol has been suggested to increase the risk of
cardiovascular disease (CVD),® which led to the 2010 Dietary
Guidelines Advisory Committee recommendations of no more than
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300 mg/d of cholesterol for healthy populations in the United States (1,
2). The International Atherosclerosis Society also recommends de-
creasing dietary cholesterol as a strategy for lowering LDL cholesterol
(3). The 2010 dietary cholesterol recommendations were derived from
guidelines established in the 1960s, when little scientific evidence was
present, other than the possible association between saturated fat and
dietary cholesterol, as well as animal studies, in which cholesterol was
fed in amounts that exceeded typical or normal intakes (4). In contrast
to dietary guidelines in the United States, other developed and de-
veloping countries do not have an upper limit on cholesterol intake but
focus on controlling the intake of saturated and trans fat, which are
major determinants of blood cholesterol concentrations (5).

Since the US dietary cholesterol recommendations were first
promulgated, a large number of longitudinal observational studies
and intervention trials have been published on the relation between
cholesterol intake and cardiovascular outcomes. Some studies have
reported dietary cholesterol to increase CVD risk (6-10), whereas
others reported a decreased risk or no change with higher choles-
terol intake (11-13). Given these inconsistencies among studies,
the purpose of this systematic review is to determine the potential
effect of dietary cholesterol on incident CVD and on serum con-
centrations of total cholesterol, LDL cholesterol, HDL cholesterol,
LDL to HDL ratio, and triglycerides in adults.

METHODS

Overview

This study is a systematic review of the literature on the
effects of dietary cholesterol on CVD risk. We held meetings
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and teleconferences with a technical expert panel (TEP) that
served as a group of scientific partners who identified issues
central to this topic and provided methodologic and subject
matter expertise. The TEP comprised a nutritional epidemiol-
ogist specializing in CVD, a cardiologist, a statistical meth-
odologist with expertise in meta-analyses, and a research
dietitian. See Supplemental Table 1 for a list of TEP members
and affiliations. The TEP worked with the authors to refine key
questions, identify important issues, and define eligibility cri-
teria for the review. A standard protocol was developed and
followed for the overall review. A single causal pathway, or
analytic framework, was developed (Supplemental Figure 1).
Study results were reported according to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses
statement (14).

Data sources and study eligibility

We conducted a comprehensive literature search from 1946
through December 2013 for publications on dietary cholesterol in
adult humans indexed in MEDLINE, Cochrane Central, and
Commonwealth Agricultural Bureau Abstracts. Searches were not
restricted by using study design filters. We also cross-referenced
the citations from relevant systematic reviews and citations of
recovered articles. The searches combined terms for dietary
cholesterol, CVD, and serum lipids (Supplemental Table 2). The
literature searches were screened in duplicate by using study el-
igibility criteria, and discrepancies were resolved by consensus in
group conference.

Study inclusion criteria

We included prospective cohort and intervention studies in
adults =18 y of age that quantified the amount of cholesterol
intake per day or per week from any dietary source. Cardio-
vascular-related outcomes of interest included coronary heart
disease, ischemic heart disease, coronary artery disease (CAD),
angina, myocardial infarction, heart failure, hypertensive heart
disease, cerebrovascular disease (ischemic stroke and hemor-
rhagic stroke), peripheral artery disease, CVD death, and se-
rum lipids (total cholesterol, LDL, HDL, LDL/HDL, VLDL,
and triglycerides). Only English-language publications were
included.

Study exclusion criteria

We excluded cross-sectional, retrospective cohort, case-
control, and single-arm studies (interventions with no control
group). Studies in which participants had major chronic diseases
such as cancer, diagnosis of CVD, or chronic kidney disease at
baseline were excluded. We also excluded studies in children,
pregnant women, and any trials using a weight loss or lifestyle
modification program. Interventions with an unbalanced dietary
fat (amount or type of fatty acids) between intervention and
control arms were excluded. We also excluded studies that did
not assess the association of cholesterol intake with relevant
outcomes of interest.

In addition to the above common eligibility criteria, we
established the following additional criteria specific to study
design.
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Cohort studies

In our analysis of cohort studies, we included studies that
recruited participants without CVD diagnosis at baseline.
Studies were eligible if the population was healthy or if CVD
risk factors, including hypertension, hyperlipidemia, metabolic
syndrome, or diabetes, were present at baseline. Included
studies had at least one quartile category or study group with
cholesterol intake >300 mg/d. Studies that reported multivar-
iable results adjusting for any potential confounders were
deemed eligible. No minimum study duration or follow-up
time was required for inclusion.

Intervention trials

In analysis of intervention trials, we included studies that
recruited participants with normal/healthy lipid concentrations at
baseline and excluded studies in individuals with hyperlipidemia,
metabolic syndrome, or diabetes at baseline. We also excluded
studies in participants that used cholesterol-lowering drugs or
statin therapy. The minimum duration for all blood lipid studies
was 4 wk, and we excluded studies with <<5 subjects per arm.

Data extraction and quality assessment

Data from each study were extracted independently by one of 4
investigators and confirmed by at least one other. The extracted
data included study design; participant characteristics; longest
reported follow-up period; method of assessing dietary choles-
terol intake or details of dietary cholesterol intervention; asso-
ciation between dietary cholesterol intake or intervention and
outcome; potential confounding variables adjusted for, with
particular emphasis on age, sex, weight, smoking, and variables
related to other dietary exposure (e.g., fiber, carbohydrate, and
fats); method of ascertaining CVD and lipid outcome; and sta-
tistical analyses.

We assessed the methodologic quality of each study based on
predefined criteria, in accordance with the Agency for Healthcare
Research and Quality—suggested methods for systematic reviews
(15). Study quality was determined in duplicate, and discrep-
ancies were resolved by consensus in group conference. Good-
quality (low risk of bias) studies adhere most closely to the
commonly held concepts of high quality, including clear de-
scriptions of the population and setting; unbiased assessments of
dietary cholesterol status and outcomes; appropriate statistical
analysis, including multivariable analysis adjusting for age, race,
weight, and dietary fats; no obvious reporting omissions or
errors; and <20% dropouts. Fair-quality (medium risk of bias)
studies have some deficiencies in the above criteria unlikely to
cause major bias. Poor-quality (high risk of bias) studies have
major deficiencies such that major bias could not be excluded.
We considered factors in the modified Newcastle-Ottawa Scale
(16) for observational studies, the Cochrane risk of bias for
clinical trials (17), and nutrition-specific items from a critical
appraisal of micronutrient systematic reviews for both clinical
trials and observational studies (18).

Data synthesis

We performed random-effects model meta-analyses when
similar data from 3 or more observational cohorts or trials were
available (19). For observational studies, we synthesized RRs (or
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HRs or ORs) comparing the extreme categories of dietary
cholesterol (highest compared with lowest, as defined within each
study) provided that the categories corresponded to similar doses
of cholesterol intake across studies. When the metrics for ex-
posure or outcome measure varied across cohorts, the studies
were not combined. For example, studies reporting the effect of
dietary cholesterol on disease risk per 100-mg increase in dietary
cholesterol were not combined with studies reporting risk be-
tween lowest and highest quartiles of cholesterol intake in
milligrams per day. In addition, we did not combine studies when
the dose in the lowest quartile of one study was similar to the dose
in the highest quartile of another study.

For intervention studies, we combined net differences [Net
change = (Dietary cholesterolg;,, — Dietary cholesteroly,i;a) —
(Controlg;,,; — Controly,;;.)] for continuous outcomes. We
tested between-study heterogeneity with the Q statistic (signif-
icant when P < 0.10) and quantified its extent with r (20). We
collected reported data for the LDL to HDL ratio as reported in
study results; therefore, the LDL to HDL ratio values were not
manually calculated by using other serum cholesterol results.
When randomized trials performed post hoc subgroup analysis
that broke study randomization, we grouped the post hoc data
with data from other nonrandomized trials.

Subgroup and dose-response analyses

To explore potential reasons for differences of results across
studies and to evaluate possible dose effects, we performed
several meta-regression analyses with continuous dietary cho-
lesterol dose (mg/d) and serum lipid concentrations (mg/dL).
Random-effects meta-regression was performed to assess the
impact of variables on net change in serum lipids. Dose-response
curves were determined by using the PROC NLIN function in
SAS version 9.3 (SAS Institute). When appropriate, we per-
formed subgroup meta-analyses, including age and sex. We
evaluated the potential for publication bias with funnel plots and
Egger’s tests for small study effects. Analyses were performed
in STATA version 13 (StataCorp LP) with the metan, metareg,
and metabias functions.

RESULTS

The searches identified 7107 abstracts. After title and abstract
screening, 543 articles were retrieved for full-text review, and 40
studies met eligibility criteria. An outline of the evidence search
and study inclusion is provided in Supplemental Figure 2. A
detailed list of exclusion reasons is provided in Supplemental
Table 3. The most prevalent reasons for article exclusion were
“no dietary cholesterol reported” (n = 140) and “comparison not
relevant” (n = 135).

Cohort studies

We included 17 prospective cohort studies [in 19 publications
(6,9, 13, 21-36); Table 1]. Ten studies examined CAD (21-23,
25-29, 32, 35), 6 studies examined stroke (9, 13, 24, 30, 31, 36),
and one study examined both CAD and stroke outcomes (6).
These studies were conducted in the United States, United
Kingdom, Japan, Puerto Rico, and Sweden. Most of the studies
compared quantile categories of baseline cholesterol intake
per day by using food-frequency questionnaires or 24-h dietary
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recalls. Six studies estimated the association of CVD outcomes
and baseline cholesterol intake in milligrams per kilocalorie of
energy intake (6, 21, 23, 25, 27, 32). Studies reporting any CAD,
CAD death, nonfatal CAD, or any CVD reported varying ex-
posure and/or outcome metrics, precluding meta-analysis. De-
tails about inclusion and exclusion criteria (Supplemental
Table 4) and baseline diet information for individual cohort
studies (Supplemental Table 5) can be found in the online
supplemental material. The methodologic quality of the cohort
studies was graded good or fair, reflecting low or medium risk of
bias, respectively (Supplemental Table 6).

Any CAD (fatal or nonfatal)

Four cohort studies [The Puerto Rico Heart Health Program
(23), Honolulu Heart Study (27), Strong Heart Study (35), and
Framingham Study (29)] reported the association between
baseline cholesterol intake and risk of incident fatal or nonfatal
CAD (Table 1). The studies included 19,057 participants who
were followed from 6 to 16 y. Three studies included all men (23,
27, 29), and one study included both men and women (35). Each
study included participants with a different race or ethnicity:
Caucasians (29), American Indians (35), Japanese (27), and
Puerto Ricans (23). All studies assessed cholesterol intake by
self-reported data at baseline, and only one assessed intake data at
second examination (35). All studies were rated fair quality (23,
27, 29, 35). Ascertainment of CAD was by examination of
multiple records in one (35) but was not reported in others. Only
one study adjusted for dietary variables of protein and energy
(35), and none adjusted for dietary fat, a major factor affecting the
quality of the studies.

There was no association between higher cholesterol intake
and an increased risk of incident CAD in 2 studies (29, 35). Three
studies reported the association between cholesterol intake in
milligrams per kilocalories and risk of incident CAD (23, 27, 29).
Higher cholesterol intake (mg/kcal) was statistically significantly
associated with incident CAD in men of Japanese ancestry in one
study (27), but no similar association was found in Caucasian (29)
or Puerto Rican men (23).

CAD death

Seven cohort studies (in 9 publications)—The Health Pro-
fessionals Follow-Up Study (21), Lipid Research Clinics Prev-
alence Study (22), Ireland-Boston Diet Heart Study (25), Mann
et al. (26), Finnish Alpha-Tocopherol Beta-Carotene Cancer
Prevention Study (28), Western Electric Study (32-34), and
Strong Heart Study (35)—reported the association between di-
etary cholesterol and risk of death secondary to CAD (Sup-
plemental Figure 3). All except 2 studies were conducted in
North America (26, 28). The studies included 86,798 partici-
pants who were followed from 6 to 25 y. Four studies included
all men (21, 25, 28, 32), and 3 studies included both men and
women (22, 26, 35). Only one study reported information on
race data (100% American Indians) (35). All studies assessed
dietary cholesterol intake by self-reported data at baseline, and
only 2 studies assessed intake data at second examination (32,
35). One was rated good quality (21), 5 were rated fair quality
(22, 26, 28, 32, 35), and one study was rated poor quality be-
cause of participant dropout >30% (25). Ascertainment of CAD
death was by examination of death certificates (25, 26, 28, 32),
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from medical records (35), or both (21, 22). All studies reported
multivariable adjusted results; only 2 studies adjusted for dietary
variables (21, 35), and only one adjusted for dietary fat (21).

The association between higher cholesterol intake and an
increased risk of incident CAD death was not statistically sig-
nificant in 3 studies (21, 28, 32). In one study that recruited both
men and women, there was a statistically significant increase in
CAD death in the highest tertile category for men (median intake
of 431 mg/d) and mid-tertile category for women (median intake
of 245 mg/d) (35). Of note, this study included more women than
men (62%) and a higher number of vegetarians or vegans than
omnivores (42%).

Three studies reported the association between cholesterol
intake in milligrams per kilocalories and risk of incident CAD
death (21, 32). Higher cholesterol intake (mg/kcal) was statis-
tically significantly associated with death from CAD in one study
at 19 y (32), but no similar association was found in the other 2
studies (21, 25).

Nonfatal CAD

Four studies reported the association between baseline cho-
lesterol intake and risk of incident nonfatal CAD: The Health
Professionals Follow-Up Study (21), Puerto Rico Heart Health
Program (23), Honolulu Heart Study (27), and Strong Heart
Study (35) (Table 1). The studies included 62,814 participants
who were followed from 6 to 16 y. Three studies included all men
(21, 23, 27), and one study included both men and women (35).
All studies assessed cholesterol intake by self-reported data at
baseline, and only one assessed intake data at second examination
(35). All studies were rated fair quality. Ascertainment of CAD
was clearly defined in 2 (21, 35) of 4 studies (21, 23, 27, 35). Only
one study adjusted for dietary variables of protein and energy
(35), and one adjusted for dietary fiber, energy, and fat (21).

Three studies showed no association between higher choles-
terol intake and an increased risk of incident nonfatal CAD across
studies (21, 23, 35). One study (27) found a higher risk of CAD
with a higher intake of dietary cholesterol (mg/1000 kcal).

Any stroke

Two studies—Nurses’ Health Study (13) and Swedish Mam-
mography Cohort (9)—reported the association between baseline
cholesterol intake and risk of any stroke (Table 1). The studies
included 120,434 women participants who were followed from 10
to 14 y. Both studies assessed cholesterol intake by self-reported
data at baseline. One was rated good quality (9) and the other fair
quality (13). Ascertainment of stroke was reported through na-
tional registry data (9) or by examination of multiple records (13).
Both studies adjusted for dietary variables, and only one adjusted
for dietary fat (9). We did not perform meta-analyses because
there were only 2 available studies.

The Nurses’ Health Study (13) found no significant associa-
tion between higher intake of cholesterol and incidence of any
stroke. A statistically significant increased risk of stroke was
observed for cholesterol intake in quantile categories and as
a continuous variable in the Swedish Mammography Cohort (9).

Subtypes of stroke

Of the 6 cohort studies, 5 [Health Professionals Follow-Up Study
(24), Nurses’ Health Study (13), Shibata Study (31), Swedish
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Mammography Cohort (9), and Women’s Health Initiative—
Observational Study (36)] reported the association between
baseline cholesterol intake and risk of any ischemic stroke, and
one study [Adult Health Study (30)] reported on fatal stroke
(Table 1). The studies included 257,205 men and women par-
ticipants who were followed from 7 to 14 y. All studies as-
sessed cholesterol intake by self-reported data at baseline, and
one study assessed by repeated measurements (24). Three were
rated good quality (9, 24, 31), and the remaining 3 studies were
rated fair quality (13, 30, 36). Ascertainment of stroke was
reported through national registry data (9), through death cer-
tificates (30), or by examination of multiple records (13, 24,
31, 36). All 6 studies adjusted for dietary variables; only 3
studies adjusted for dietary fat (9, 24, 31).

Ischemic stroke

In meta-analysis of 5 studies of ischemic stroke (Figure 1), no
statistical significance was found with the highest quantile cat-
egories (summary adjusted RR: 1.13; 95% CI: 0.99, 1.28)
without any heterogeneity (> = 0.0%; P = 0.42). There was no
statistically significant increased risk of ischemic stroke and
increasing doses of cholesterol intake characterized as milligrams
per day (as a continuous variable) in the Swedish Mammography
Cohort (9).

Hemorrhagic stroke

In meta-analysis of 3 studies of hemorrhagic stroke (9, 13, 24),
no statistical significance was found with the highest quantile
categories (summary adjusted RR: 1.09; 95% CI: 0.79, 1.50)
without any heterogeneity (> = 0.0%; P = 0.82) (Figure 1).

Any CVD

One study, the Health ABC Study (6), examined the associ-
ation between intake of dietary cholesterol and any CVD, in-
cluding CAD, stroke, and cardiovascular-related death. There
was no statistically significant increased risk of CVD with in-
creased cholesterol intake characterized as milligrams per day (as
a continuous variable).

Intervention studies

Nineteen unique trials among 21 publications (8, 37-56)
reported outcome data on dietary cholesterol and serum cho-
lesterol concentration. Seventeen of the 19 unique trials (8,
37-53, 56) reported quantitative data and were included in meta-
analysis (Table 2). Two studies with results that could not be
combined with other studies were not included in the meta-
analysis. One study did not have data available to calculate
final SD (55), and one study reported total cholesterol increases
but did not provide baseline, SD, or statistical data (54). Study
duration of the 17 trials included in the meta-analysis ranged
from 4 to 12 wk. The intervention cholesterol dose ranged from
501 to 1415 mg/d, and the control cholesterol dose ranged from
0 to 415 mg/d. All except 4 trials were conducted in North
America (8, 38, 49, 56). All 17 intervention studies reported
the effect of dietary cholesterol on changes in total serum
cholesterol. Of the 17 trials, 15 reported the effect of dietary
cholesterol on serum LDL cholesterol concentration (8, 37, 38,
40, 43-52, 56), 14 reported the effect of dietary cholesterol on
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Cholesterol
Intake RR of Stroke  Risk

Author (mg/day) Duration Total N (95% CI) of Bias
Ischemic Stroke
Iso (13) 465vs. 212 14yr 85764 —_— 0.96(0.70,1.31) M
Yaemsiri (36) 311vs. 175 7.6yr 87025 —1 - 1.4 (0.90, 1.44) M
Larsson (9) 302vs. 168 10.4yr 34670 —— 1.29(1.05158) L
Seino (31) 548 vs. 246 15.5yr 2283 1.11(0.48,256) L
He (24) 398 vs. 189 14yr 43732 —_— 093 (066, 1.31) L
Subtotal (I?= 0.0%, p = 0.416) < > 1.13(0.99, 1.28)
Hemorrhagic Stroke
Iso (13) 465vs. 212 14yr 85764 L 1.21(069,212) M
Larsson(9) 302vs. 168 10.4yr 34670 L 0.96 (0.58, 1.58) L
He (24) 398 vs. 189 14yr 43732 g 1.16(0.61,2.20) L
Subtotal (I?=0.0%, p =0.812) <:> 1.09 (0.79, 1.50)

T T T T

3 5 1 2 3

Favors Lower Intake of Cholesterol

FIGURE 1 Meta-analysis examining the association between dietary cholesterol and ischemic and hemorrhagic stroke. Cholesterol intake corresponds to
highest and lowest quartiles. Black squares represent point estimates for individual studies, and the width of the line extending from each square represents the
95% CI. The diamond represents the overall effect, and the width of the diamond represents the 95% CI of the summary relative risk. /* is an indicator of
between-comparison heterogeneity. Heterogeneity was significant at P < 0.10. L, low risk of bias; M, medium risk of bias.

HDL cholesterol (8, 37, 38, 40, 4248, 50, 51, 56), 13 reported
the effect of dietary cholesterol on triglycerides (8, 37-46, 48,
56), and 3 studies reported the effect of dietary cholesterol on
VLDL cholesterol (38, 40, 56). Further details about inclusion
and exclusion criteria (Supplemental Table 7) and baseline
diet information for individual intervention studies (Supple-
mental Table 8) can be found in the online supplemental
material. The methodologic quality of the intervention studies
was graded good or fair, reflecting low or medium risk of bias,
respectively (Supplemental Tables 9-10). A summary of overall
effects across a meta-analysis of all serum cholesterol outcomes
can be found in Table 3.

Total cholesterol

Meta-analysis of 18 trials (8, 37-52, 56) reporting the effect of
dietary cholesterol on serum total cholesterol showed a signifi-
cant increase in serum total cholesterol when comparing in-
tervention with control doses of dietary cholesterol (net change:
11.2 mg/dL; 95% CI: 6.4, 15.9) but with significant heteroge-
neity (I* = 75%, P < 0.001). When stratified by randomization
design, the change in serum total cholesterol concentration re-
mained statistically significantly increased in randomized trials
(net change: 7.4 mg/dL; 95% CI: 1.8, 12.9) and in non-
randomized trials (net change: 18.1 mg/dL; 95% CI: 9.5, 26.7)
but with significant heterogeneity (?=75%, P < 0.001, and I* =
66%, P < 0.003, respectively). Among the 13 randomized trials,
8 were rated with a low risk of bias (37, 38, 43-45, 49, 52, 56).
All nonrandomized trials were assigned a medium risk of bias
(8, 39, 41, 42, 46).

When studies were stratified by intervention dose of dietary
cholesterol, studies reporting an intervention dose <650 mg/d
and studies with an intervention dose between 650 and 900 mg/d
were statistically significant [net change: 12.1 (95% CI: 6.0,
18.2) and net change: 10.7 mg/dL (95% CI: 5.4, 15.9), re-

spectively; Table 3 and Supplemental Figure 4]. In studies with
an intervention dose >900 mg/d, the change in serum total
cholesterol was no longer statistically significant (13.0 mg/dL;
95% CI: —3.1, 29.1) with significant heterogeneity (P = 94%,
P < 0.001). When extreme dose values (intervention doses
>1000 mg/d and control doses <1 mg/d) were removed from
the meta-analysis, studies with intervention doses >900 mg/d
showed a significant increase in total cholesterol concentration
(net change: 19.3 mg/dL; 95% CI: 2.3, 36.3; Figure 2) with
significant heterogeneity (I = 75%, P = 0.02). When non-
randomized studies were removed from analysis, the effect on
serum total cholesterol did not change.

Additional analyses were performed to separate studies by the
control dose of dietary cholesterol. When studies were separated
by control doses >200 mg/d and =200 mg/d, the effect on total
cholesterol remained significant in both strata [net change: 11.6
(95% CI: 2.0, 21.0) and net change: 11.1 (95% CI: 6.8, 15.4),
respectively]. Heterogeneity was significant in studies with con-
trol doses of cholesterol >200 mg/d (* = 83%, P < 0.001) but
not in studies with control doses =200 mg/d (= 42%, P = 0.06).

LDL cholesterol

Of the 15 trials that reported the effect of dietary cholesterol
interventions on serum LDL cholesterol (8, 37, 38, 40, 43-52,
56), 13 were randomized (37, 38, 40, 43-45, 47-52, 56) and 2
were nonrandomized trials (8, 46).

Meta-analysis of trials investigating LDL cholesterol showed
a significant increase in LDL cholesterol when comparing in-
tervention with control doses of dietary cholesterol (net change:
6.7 mg/dL; 95% CI: 1.7, 11.7; Table 3) but showed significant
heterogeneity (> = 65%, P < 0.001). When stratified by ran-
domization, the net change in serum LDL cholesterol con-
centration was significant in randomized studies but not in
nonrandomized studies. Among the randomized trials, the net
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TABLE 3

DIETARY CHOLESTEROL AND CARDIOVASCULAR DISEASE

Effect sizes for the association between dietary cholesterol and blood cholesterol concentrations among intervention studies

Analysis subgroup Total cholesterol LDL cholesterol HDL cholesterol Triglycerides VLDL
Overall
Net change (95% CI), mg/dL 11.2 (6.4, 15.9) 6.7 (1.7, 11.7) 3.2(0.9,9.7) 0.1 (—6.8,7.0) 0.6 (—2.2,3.3)
P, P value 75%, <0.001 65%, <0.001 70%, <0.001 73%, <0.001 69%, 0.04
Overall (no extreme values
=1000 or <1 mg/d)
Net change (95% CI), mg/dL 11.7 (8.0, 15.4) 7.5 (4.5, 10.5) 3.1(0.3,5.9) -03(=717,72) —
P, P value 45%, 0.01 0%, 0.45 70%, <0.001 71%, <0.001
Randomized vs. nonrandomized
Randomized
Net change (95% CI), mg/dL 74 (1.8, 12.9) 5.5 (0.3, 10.7) 2.8 (0.6, 5.1) —23(—124,179) —
P, P value 75%, <0.001 61%, <0.001 52%, 0.01 85%, <0.001
Nonrandomized
Net change (95% CI), mg/dL.  18.1 (9.5, 26.7) 12.8 (—3.7, 29.3) 3.7(—22,9.7) 3.8 (—3.3, 10.8) —
P, P value 66%, 0.003 80%, 0.008 87%, <0.001 0%, 0.91
Randomized vs. nonrandomized
(no extreme values
=1000 or <1 mg/d)
Randomized
Net change (95% CI), mg/dL 8.1 (6.1, 10.2) 6.9 (3.6, 10.2) 20(—042,44) —33(—149,8.2) —
P, P value 0%, 0.94 0%, 0.98 22%, 0.25 83%, <0.001
Nonrandomized
Net change (95% CI), mg/dL  18.1 (9.5, 26.7) 12.8 (—3.7, 29.3) 3.7 (—2.2,9.6) 3.8 (—3.3, 10.8) —
P, P value 66%, 0.003 80%, 0.01 87%, <0.001 0%, 0.91
Intervention strata
>900 mg/d
Net change (95% CI), mg/dL.  13.0 (—3.1, 29.1) 1.6 (—18.8,22.0) 4.5 (—3.2,12.1) 3.0(-3.2,9.2) —
P, P value 94%, <0.001 89%, <0.001 93%, <0.001 0%, 0.59
650-900 mg/d
Net change (95% CI), mg/dL.  10.7 (5.4,15.9) 8.7 (3.8, 13.5) 2.7 (0.7, 4.7) 2.3(—4.3,89) —
P, P value 34%, 0.11 14%, 0.31 27%, 0.20 0%, 0.96
<650 mg/d
Net change (95% CI), mg/dL.  12.1 (6.0, 18.2) 6.7 (2.7, 10.7) 1.0 (—2.1, 4.1) —2.4 (—19.0, 14.3) —
P, P value 40%, 0.14 0%, 0.74 0%, 0.43 93%, <0.001
Intervention strata (no extreme
values =1000 or <1 mg/d)
>900 mg/d
Net change (95% CI), mg/dL.  19.3 (2.3, 36.3) — — — —
P, P value 75%, 0.02
650-900 mg/d
Net change (95% CI), mg/dL.  10.7 (5.4, 15.9) — — — —
P, P value 34%, 0.11
<650 mg/d
Net change (95% CI), mg/dL.  13.4 (4.9, 21.9) — — — —
P, P value 63%, 0.05
Control strata
>200 mg/d
Net change (95% CI), mg/dL.  11.6 (2.0, 21.0) 3.6 (—5.6, 12.7) 3.7 (—0.5, 8.0) —0.2 (—10.8,10.5) —
P, P value 83%, <0.001 76, <0.001 84%, <0.001 81%, <0.001
=200 mg/d
Net change (95% CI), mg/dL.  11.1 (6.8, 15.4) 8.8 (4.5, 13.2) 2.5(0.8, 4.2) 0.6 (—3.8,5.1) —
P, P value 42%, 0.06 21%, 0.25 0%, 0.65 0%, <0.001

change was 5.5 mg/dL (95% CI: 0.3, 10.7) with significant het-
erogeneity (P = 61%, P < 0.001). Among the 13 randomized
trials, 8 were rated with a low risk of bias (37, 38, 4245, 49, 56),
and the remaining 5 were rated medium risk of bias (12, 40, 49—
51). The nonrandomized studies showed a nonsignificant increase
in LDL cholesterol of 12.8 mg/dL (95% CI: —3.7, 29.3) with
significant heterogeneity (> = 80%, P = 0.008). Both of the
nonrandomized trials were assigned a medium risk of bias (8, 47).

When studies measuring LDL cholesterol were stratified by
intervention dose of dietary cholesterol, studies with an in-
tervention dose <650 mg/d showed a significant increase in se-
rum LDL cholesterol concentration (net change: 6.7; 95% CI: 2.7,
10.7) with no heterogeneity (> = 0%, P = 0.74; Figure 3).
Similarly, studies with an intervention dose from 650 to 900 mg/d
showed a significant increase in LDL cholesterol (net change:
8.7 mg/dL; 95% CI: 3.8, 13.5) with no significant heterogeneity
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Study Intervention Control Net Change Risk of
Author Year Design  Subgroup  Dose (mg/d) Dose (mg/d) (95% Cl) (mg/d) Bias
Greater than 900 mg/d
Flynn (42) 1986 NRCT(C) GroupA 952 253 —a— 39.0(14.5, 63.5) M
Reaven (52) 2001 RCT (P) 941 113 | 8.0(5.5,10.5) L
Flynn (42) 1986 NRCT(C) GroupB 923 259 —a— 21.0(3.6 38.4) M
Subtotal (12 = 75.2%, p = 0.018) - 19.3 (2.3, 36.3)
Between 650 and 900 mg/d
Greene (45) 2005 RCT(C) Women 893 276 ) 11.8(-10.5, 34.1) L
Greene (45) 2005 RCT({C) Men 893 257 —r— 6.0(-16.1, 28.1) L
Nissinen (8) 2008 NRCT(C) 890 200 —_— 209 (64, 35.3) M
Cliton (38) 1990 RCT (C) 866 185 —_— 1.2(-11.7, 14.0) L
Ginsberg (43) 1994 RCT (C) 858 128 +—— 11.1 (1.7, 23.9) L
Herron (46) 2003 NRCT(C) Hyperresponders 832 180 —_— 29.0(134, 44.5) M
Mutungi (50) 2008 RCT (P) 827 277 R —— 49(-23.0, 32.8) M
Herron (46) 2003 NRCT(C) Hyporesponders 810 185 -1.9(-13.7, 9.9 M
Vorster (56) 1992 RCT (P) 800 556 T 11.6 (-2.8, 26.0) L
Flynn (41) 1979 NRCT(C) Group1 800 260 —_— 19.0 (6.8, 31.2) M
Flynn (41) 1979 NRCT(C) Group2 800 260 —_— 0.0(-13.8, 13.8) M
Ginsberg (44) 1995 RCT (C) 770 108 —a— 158 (5.3, 26.4) L
Kestin (49) 1989 RCT(C) Low Fat Diet 735 204 1.5(-33.3, 36.4) M
Kestin (49) 1989 RCT(C) High Fat Diet 686 180 -1.5(-57.5, 54.5) M
Subtotal (12 = 33.5%, p = 0.107) < 10.7 (5.4, 15.9)
Less than 650 mg/d
Fielding (39) 1995 NRCT(P) High SFA Diet 635 203 —_— 27.7(10.9, 44.5) M
Fielding (39) 1995 NRCT(P) High PUFA Diet 603 176 — 21.0(5.9, 36.1) M
Johnson (48) 1991 RCT (C) 600 200 —a— 10.0 (1.7, 18.4) L
Bowman (37) 1988 RCT (P) 501 207 il 6.0 (0.1,11.9) L
Subtotal (12 = 62.8%, p = 0.045) <> 13.4 (4.9, 21.9)
T T T 1 1 T T
65 40 2010 0 1020 40 65

Favors lower cholesterol
=~

FIGURE 2 Meta-analysis examining the effect of dietary cholesterol on total cholesterol concentration by strata of intervention dose with no extreme
values. Studies with intervention doses =1000 mg/d or <1 mg/d were considered extreme dose values. Black squares represent point estimates for individual
studies, and the width of the line extending from each square represents the 95% CI. The diamond represents the overall effect, and the width of the diamond
represents the 95% CI of the summary net change. I* is an indicator of between-comparison heterogeneity. Heterogeneity was significant at P < 0.10. L, low
risk of bias; M, medium risk of bias; NRCT (C), crossover, nonrandomized controlled trial; NRCT (P), parallel, nonrandomized controlled trial; RCT (C),
crossover, randomized controlled trial; RCT (P), parallel, randomized controlled trial.

(P = 14%, P = 031). In studies with an intervention dose
>900 mg/d, the effect of dietary cholesterol on LDL cholesterol
was no longer significant (net change: 1.6; 95% CI: —18.8, 22.0)
with statistically significant heterogeneity (I* = 89%, P < 0.001).
When nonrandomized studies were removed from analysis, the
effect of dietary cholesterol on LDL cholesterol remained the
same, and heterogeneity further decreased in studies with an in-
tervention dose from 650 to 900 mg/d (data not shown).

Additional analysis was performed to separate studies on LDL
cholesterol by the control dose of dietary cholesterol. The effect
of dietary cholesterol on LDL cholesterol in studies with a control
dose >200 mg/d was not significant (net change: 3.6; 95% CI:
—5.6, 12.7), and heterogeneity was significant (12 =76%, P <
0.001). In studies with a control dose of dietary cholesterol
=200 mg/d, LDL cholesterol statistically significantly increased
8.8 mg/dL (95% CI: 4.5, 13.2) with no statistically significant
heterogeneity (I* = 21%, P = 0.25).

HDL cholesterol

Fourteen unique trials among 15 studies reported the effect of
dietary cholesterol interventions on serum concentration of HDL
cholesterol (8, 37, 38, 40, 4248, 50, 51, 56). Of the 14 trials, 11
were randomized (37, 38, 40, 43-45, 47, 48, 50, 51, 56) and 3
were nonrandomized trials (8, 42, 46).

Meta-analysis of trials measuring HDL cholesterol showed
a significant increase in serum HDL cholesterol (net change: 3.2
mg/dL; 95% CI: 0.9, 9.7) with significant heterogeneity (P =70%,
P < 0.001; Table 3). When stratified by randomization, the effect
of dietary cholesterol on HDL cholesterol concentration remained
significant in randomized trials (net change: 2.8; 95% CI: 0.6, 5.1)
with significant heterogeneity (I =52%, P =0.01). Among the 11
randomized trials, 7 were rated with a low risk of bias (37, 38, 44,
45, 47, 51, 56), and the remaining 4 were rated a medium risk of
bias (40, 47, 51, 53). In nonrandomized trials, the effect of dietary
cholesterol on HDL cholesterol was no longer statistically sig-
nificant (net change: 3.7; 95% CI: —2.2, 9.7) with significant
heterogeneity (I = 87%, P < 0.001). All 3 nonrandomized trials
were assigned a medium risk of bias (8, 42, 46).

When studies measuring HDL cholesterol were stratified by
intervention dose of dietary cholesterol, studies with a dose
<650 mg/d did not show a significant effect of dietary cholesterol
on HDL cholesterol (net change: 1.0 mg/dL; 95% CI: —2.1, 4.1)
with no heterogeneity (P =0.0%, P =0.44; Figure 4). In studies
with an intervention dose from 650 to 900 mg/d, there was
a significant effect of dietary cholesterol on HDL concentration
(net change: 2.7 mg/dL; 95% CI: 0.7, 4.7), and heterogeneity was
not significant (12 = 27%, P = 0.20). In studies with an in-
tervention dose >900 mg/d, the effect of dietary cholesterol on
HDL cholesterol concentration was not significant (net change:
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Study Intervention Control Net Change Risk of
Author Year Design Subgroup Dose (ng/d) Dose (mg/d) (95% CI) (mg/dL) Bias

Greater than 900 mg/d

Flaim (40) 1981 RCT(C) 1415 415 —E—- -13.0(-19.3,-6.7) M

Quig (51) 1983 RCT (P) 1400 400 —.— 14.0 (2.9, 25.1) M

Reaven (52) 2001 RCT (P) 841 113 — 6.0 (-16.0, 28.1) L
Subtotal (I2= 89.1%, p < 0.001) — 1.6 (-18.8, 22.0)
Between 650 and 900 mg/d

Greene (45) 2005 RCT(C) Women 893 276 —_—— 10.1 ¢-11.7, 31.9) L

Greene (45) 2005 RCT(C) Men 893 257 _— 2.2(-19.9, 24.3) L

Nissinen (8) 2008 NRCT (C) 890 200 — - 16.2 (2.1, 30.4) M

Clifton (38) 1990 RCT (C) 866 185 — 1.5(-9.6, 12.7) L

Ginsberg 43) 1994 RCT (C) 858 128 — 11.2(-2.4,24.8) L

Herron (46) 2003 NRCT (C) Hyperresponders 832 180 B 255 (11.1,39.9) M

Mutungi (50) 2008 RCT (P) 827 277 3.3(-25.9, 32.5) M

Herron (46) 2003 NRCT (C) Hyporesponders 810 185 —_— -1.5(-12.1,9.1) M

Vorster 56) 1992 RCT (P) 800 556 —_—— 10.0 (-3.8, 23.9) L

Ginsberg (44) 1995 RCT (C) 770 108 — . 11.6 (1.2, 22.0) L

Kestin (49) 1989 RCT(C) Low Fat Diet 735 204 0.0(-33.7, 33.7) M

Kestin (49) 1989 RCT(C) High Fat Diet 686 180 -0.4 (-49 4, 48.6) M
Subtotal (12= 14.2%, p = 0.305) <> 8.7 (3.8, 13.5)
Less than 650 mg/d

Herron (47) 2002 RCT(C) Hispanic 640 0 — 3.5(-13.9, 20.8) M

Herron (47) 2002 RCT(C) Caucasian 640 0 - 11.2(-3.3, 25.7) M

Johnson (48) 1991 RCT (C) 600 200 - 8.9(21,15.7) L

Bowman (37) 1988 RCT (P) 501 207 S 5.0(-0.5, 10.5) L
Subtotal (I2= 0.0%, p = 0.737) < 6.7 (2.7, 10.7)

| | | I I | I |
50 40 20 10 0 10 20 40 50

Favors lower cholesterol

S
—

FIGURE 3 Meta-analysis examining the effect of dietary cholesterol on LDL cholesterol concentration by strata of intervention dose. Black squares
represent point estimates for individual studies, and the width of the line extending from each square represents the 95% CI. The diamond represents the
overall effect, and the width of the diamond represents the 95% CI of the summary net change. I* is an indicator of between-comparison heterogeneity.
Heterogeneity was significant at P < 0.10. L, low risk of bias; M, medium risk of bias; NRCT (C), crossover, nonrandomized controlled trial; RCT (C),
crossover, randomized controlled trial; RCT (P), parallel, randomized controlled trial.

4.5 mg/dL; 95% CI: —3.2, 12.1) with statistically significant
heterogeneity (I = 93%, P < 0.001). When nonrandomized
studies were removed from analysis, the effect of dietary cho-
lesterol on HDL cholesterol remained the same in studies with an
intervention dietary cholesterol dose =900 mg/d (data not
shown). Randomized studies with a dose >900 mg/d could not be
combined because only 2 randomized trials (40, 51) reported the
effect of dietary cholesterol on HDL cholesterol concentration
when cholesterol dose was >900 mg/d (data not shown).

We performed additional analysis to separate studies on HDL
cholesterol by the control dose of dietary cholesterol. The effect
of dietary cholesterol on HDL cholesterol in studies with
a control dose >200 mg/d was not significant (net change: 3.7;
95% CI: —0.5, 8.0), with significant heterogeneity (I2 = 84%,
P < 0.001). In studies with a control dose of dietary cholesterol
=200 mg/d, higher dietary cholesterol statistically significantly
increased HDL cholesterol concentration by 2.5 mg/dL (95%
CI: 0.8, 4.2), with no heterogeneity (I2 = 0%, P = 0.65).

Triglycerides

Of the 13 trials that measured serum triglycerides (8, 3747, 56),
7 trials were randomized (37, 38, 40, 43-45, 48) and 6 were
nonrandomized (8, 39, 41, 42, 46, 56). In overall analysis and
in stratification by randomized design, dietary cholesterol did
not statistically significantly change serum triglycerides. Overall,

triglycerides decreased by 0.1 mg/dL (95% CI: —6.8, 7.0) with
significant heterogeneity (I* = 73%, P < 0.001; Table 3). Among
randomized studies, the change in triglycerides was not significant
by —2.3 mg/dL (95% CI: —12.4, 7.9), with significant heteroge-
neity (P = 85%, P < 0.001). Among nonrandomized studies, the
change in triglycerides was not significant (net change: 3.8 mg/dL;
95% CI: —3.3, 10.8), with no heterogeneity (I2 =0%, P =0091).
Among the randomized studies, 7 were rated with a low risk of bias
(37, 38, 44, 45, 48, 51, 56), and one was rated a medium risk of
bias (40). All nonrandomized studies were rated a medium risk of
bias (8, 39, 41, 42, 46). The effect of dietary cholesterol on tri-
glycerides remained nonsignificant when studies were stratified by
intervention dose and control dose of dietary cholesterol.

VLDL cholesterol

Three studies reported the effect of dietary cholesterol on
VLDL cholesterol concentrations (38, 40, 56). All 3 studies were
randomized. Meta-analysis showed no statistically significant
increase in VLDL cholesterol concentration when comparing
intervention with control doses of dietary cholesterol (net change:
0.56 mg/dL; 95% CIL. —2.2, 3.3; Table 3) with statistically
significant heterogeneity (I* = 69%, P = 0.04). Two studies were
rated a low risk of bias (38, 56) and one study was rated a me-
dium risk of bias (40). There were too few studies reporting
VLDL concentration for further subgroup analysis.
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Study Dose Dose Net Change (95% Cl) Risk of
Author Year Design Subgroup (mg/d) (mg/d) {mg/dL) Bias
Greater than 900 mg/d
Flaim (40) 1981 RCT(C) 1415 415 —— 0.0(-25,25) M
Quig(51) 1983 RCT(P) 1400 400 — 8.0 (4.6, 11.4) M
Flynn (42) 1986 NRCT(C) Group A 952 253 B ——— 17.0(10.5, 23.5) M
Flynn (42) 1986 NRCT(C) Group B 923 259 — o 7.0(-13.7,-0.3) M
Subtotal (12=92.6%, p < 0.001) B i 45(-3.2,12.1)
Between 650 and 900 mg/d
Greene (45) 2005 RCT(C) Women 893 276 —_—— 15(-5.6,86) L
Greene (45) 2005 RCT(C) Men 893 257 S S—— 47(-4.9,14.3) L
Nissinen (8) 2008 NRCT (C) 890 200 —_— 54(1.2,9.6) M
Cliton (38) 1990 RCT (C) 866 185 —t— 15(-28,5.9) L
Ginsberg (43) 1994 RCT (C) 858 128 A 12(43,6.7) L
Herron (46) 2003 NRCT(C) Hyperresponders 832 180 —— 39(-03,8.0) M
Mutungi (50) 2008 RCT (P) 827 277 _— 13.2(4.6,21.8) M
Hermron (46) 2003 NRCT (C) Hyporesponders 810 185 — 04(-39,3.2) M
Vorster (56) 1992 RCT (P) 800 556 — 00(54,54) L
Ginsberg (44) 1995 RCT (C) 770 108 P — 35(4.5,11.4) L
Subtotal (I2=26.5%, p = 0.200) < 2.7 (0.7, 4.7)
Less than 650 mg/d
Hemon (47) 2002 RCT(C) Hispanic 640 0 —_— 3.1(52,11.3) M
Herron (47) 2002 RCT(C) Caucasian 640 0 — 39(-27,104) M
Johnson (48) 1991 RCT (C) 600 200 8.9(-8.5,26.3) L
Bowman (37) 1988 RCT (P) 501 207 -1.0(-5.0,3.0) L
Subtotal (I2=0.0%, p =0.433) 1.0(-2.1,4.1)
T T T T T
20 10 0 10 20 30

Favors higher cholesterol

FIGURE 4 Meta-analysis examining the effect of dietary cholesterol on HDL cholesterol concentration by strata of intervention dose. Black squares
represent point estimates for individual studies, and the width of the line extending from each square represents the 95% CI. The diamond represents the
overall effect, and the width of the diamond represents the 95% CI of the summary net change. I* is an indicator of between-comparison heterogeneity.
Heterogeneity was statistically significant at P << 0.10. L, low risk of bias; M, medium risk of bias; NRCT (C), crossover, nonrandomized controlled trial; RCT
(C), crossover, randomized controlled trial; RCT (P), parallel, randomized controlled trial.

LDL to HDL cholesterol ratio

Seven intervention studies reported the effect of dietary
cholesterol on the ratio of LDL to HDL cholesterol (38, 45-48,
50, 55). Four studies provided complete data and were included
in meta-analysis (45—47, 50). Overall analysis showed a statis-
tically significant increase in the LDL to HDL cholesterol ratio
of 0.17 (95% CI: 0.01, 0.32; Table 3 and Figure 5) with no
heterogeneity (I* = 0%, P = 0.70). There were too few studies to
perform subgroup analysis.

Subgroup and dose-response analyses

Meta-regression found no linear relations between net change
in total, LDL, or HDL cholesterol or triglycerides and in-
tervention dose of dietary cholesterol. We also investigated the
linear relation between serum cholesterol and difference in dose
(the difference between intervention and control dose), because
the studies present a wide range of intervention and control dose
comparisons. No linear relations were found between total
cholesterol, LDL, HDL, or triglycerides and dose difference.
When extreme dose values were removed and data were stratified
by age, we found nonsignificant linear trends when studies were
stratified by a mean age of 40 y. Age-stratified meta-regression
plots and B coefficients for total cholesterol, LDL cholesterol,
HDL cholesterol, and triglycerides are available in Supplemental

Figures 5-8. Nonlinear regression analysis of all studies did not
fit models for total cholesterol or LDL outcomes. For studies
reporting HDL outcomes, when recent studies were included
(1990-2008, n = 12), a model fit the second-order polynomial for
the association between dietary cholesterol and HDL cholesterol
[% Change in HDL = 37.6 — 0.012 (dose) — 0.00004 (dosez)].
Most studies reporting HDL outcomes showed an increase in
HDL cholesterol with increased doses of dietary cholesterol
(Figure 6).

Additional subgroup analysis was performed on age and sex.
There were no changes in the effect of dietary cholesterol on any
serum cholesterol outcomes when studies were stratified by those
older or younger than 40 y of age or when stratified by males only,
females only, or both sexes combined. Too few studies analyzed
females only or both sexes combined to perform analysis on sex
within dose strata.

Sensitivity analysis

We performed 3 sets of sensitivity analyses to better understand
the heterogeneity across studies. We preformed sensitivity anal-
yses for one study that presented findings based on subgroups (47),
for studies with extreme values of dietary cholesterol intervention
doses, and for nonrandomized trials. One study presented 2 sets of
subgroup analyses, one by Caucasian and Hispanic ethnicities and
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Dose Dose Net Change Risk of
Author Year Design Subgroup (mald) (mg/d) (95% CI) Bias
I
Greene (45) 2005 RCT(C) Men 893 257 —— 0.1(05,0.7) L
I
Greene (45) 2005 RCT (C)  Women 893 276 —— 0202086 L
|
Herron (46) 2003 NRCT (C) Hyperresponders §32 180 e 04 (0.0,08 M
I
Mutungi (50)2008 RCT (P) 827 277 _Jl— 0.1(06,09) M
Herron (46) 2003 NRCT (C) Hyporesponders 810 185 I 0.0(03,03) M
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FIGURE 5 Meta-analysis examining the effect of dietary cholesterol on the LDL to HDL ratio. Net change indicates change in the LDL to HDL ratio. L,
low risk of bias; M, medium risk of bias; NRCT (C), crossover, nonrandomized controlled trial; RCT (C), crossover, randomized controlled trial; RCT (P),

parallel, randomized controlled trial.

another by hyper- and hyporesponders based on serum cholesterol
concentrations after randomization (47). We used the ethnicity
subgroups in the main analyses to retain study randomization
but found no difference in overall findings with the hyper- and
hyporesponder subgroups.

We also performed a meta-analysis excluding studies by using
extreme dietary cholesterol intervention doses (40, 47, 51)
(=1000 mg/d or a control dose of <1 mg/d; Table 3). The re-
moval of extreme doses further increased total cholesterol effect
by 1 mg/dL (from 7.4 to 8.1 mg/dL) for randomized studies, and
the CI became tighter. There were no statistically significant
changes in the nonrandomized studies. We found a similar in-
crease in LDL cholesterol in the randomized studies of 1 mg/dL
(from 5.5 to 6.9 mg/dL). The results became statistically sig-
nificant (net change: 6.7; 95% CI: 3.3, 10.1), and heterogeneity
was reduced (I2 = 0%, P = 0.970). On removal of extreme
values, the increase in HDL cholesterol lessened (from 2.8 to
2.4 mg/dL), and the heterogeneity was no longer statistically
significant (> =29%, P = 0.20). Removing nonrandomized trials
from across analyses of serum cholesterol outcomes did not
affect the overall conclusions (data not shown).

Publication bias

Funnel plots of all studies reporting total, LDL, and HDL
cholesterol outcomes indicate a potential for missing studies with
an effect of decreasing lipid concentrations after intake of dietary
cholesterol (net difference <<0). Egger’s test suggests no small
study effect. Funnel plots and Egger test results can be found in
Supplemental Figures 9-14. Publication bias was not assessed
for cohort studies because <10 studies were available for each
outcome.

DISCUSSION

In the studies reviewed, higher intake of cholesterol was not
associated with an increased risk of incident CVD. However, the

evidence from cohort studies was sparse, limiting our ability to
perform meta-analyses for most CVD outcomes. In intervention
trials, there was a statistically significant effect of cholesterol
intake on total cholesterol, LDL cholesterol, and the LDL to HDL
cholesterol ratio. The increases in total and LDL cholesterol
were no longer significant in studies with intervention doses
>900 mg/d. HDL concentration also increased with higher
cholesterol intake, particularly in randomized studies and stud-
ies with intervention doses between 650 and 900 mg/d. Because
data on the LDL to HDL cholesterol ratio with increased dietary
cholesterol were limited, further studies are necessary to help
interpret the change in CVD risk associated with higher cho-
lesterol intakes. There was no effect on VLDL cholesterol or
triglycerides with higher doses of dietary cholesterol.

There is a plausible mechanism for the effect of dietary cho-
lesterol on serum lipid concentrations. Higher total cholesterol,

% Change in HDL = 37.6 — 0.012(dose) — 0.00004(dose”2)*
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FIGURE 6 Dose-response relation between change in HDL cholesterol
(%) and dietary cholesterol for studies reporting HDL outcomes (n = 18).
*0Of 18 studies reporting HDL cholesterol outcome, a polynomial model was
derived from 12 recent studies published between 1990 and 2008.
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LDL cholesterol, and triglycerides, as well as lower HDL
cholesterol, are known risk factors for CVD (1, 57). Given that
cholesterol is synthesized in the body, there is compensation for
absorption of additional dietary cholesterol by reducing cho-
lesterol synthesis (58). Major dietary sources of cholesterol in-
clude egg yolks, butter, fish, shrimp, cheese, beef, pork, and
poultry. Cholesterol is mostly endogenous in origin and is only
one of the constituents of end-stage atherosclerosis. The relation
between dietary cholesterol and serum cholesterol has been es-
timated to be linear with cholesterol intake up to 600 mg/d.
Studies have reported a nonlinear relation for intakes of cho-
lesterol >600 mg/d, with little effect on serum lipid concen-
tration in most people (59). The findings from our meta-analysis
indicate that increases in serum cholesterol are no longer sta-
tistically significant when dietary cholesterol interventions ex-
ceed 900 mg/d, which is consistent with previous observations
showing a plateau in serum cholesterol concentrations when
dietary cholesterol increases (60).

In contrast to a prior meta-analysis (61), we did not find a linear
relation between cholesterol intake and serum lipids. The contrast
in findings from the prior meta-analysis and the results of this
systematic review could be explained by a variation in criteria for
study inclusion. For example, our study excluded trials with <5
subjects per arm, <4 wk, and hypercholesterolemic populations,
whereas Weggemans et al. (61) included studies with <10
subjects per arm, excluded studies <2 wk, and included hy-
percholesterolemic populations. This contrast in eligibility cri-
teria led to a different set of included and excluded studies in the
prior meta-analysis and this systematic review.

There are several possible explanations for the association
between the dietary cholesterol intake and CVD outcomes in some
studies (26, 32) and not in others (21, 25, 27-29). First, the
presence of association between cholesterol intake and CVD
outcomes may be confounded by a variety of dietary factors,
which may exaggerate the true relation. Risk of CVD has been
reported to be related to increased consumption of saturated fatty
acids and percentage of calories from fat (27, 62, 63), which are
positively associated with cholesterol intake. Likewise, risk of
CVD has negative associations with fiber intake and vegetable
protein, which are inversely correlated with cholesterol intake
(64-66). The reviewed studies rarely adjusted for these key di-
etary variables in their multivariable analyses. Second, there is
less diagnostic certainty in the measurement of clinical endpoints
using death certificates or International Classification of Diseases
codes for assessment of these outcomes (67), which may lead to
an attenuation of a true relation in some studies. Third, cohort
studies used a single baseline measurement across years of follow-
up (i.e., making the assumption that diet is unchanging over time),
resulting in bias, often referred to as regression dilution bias (68).
That is, any dietary changes occurring during follow-up are not
captured, and thus misclassification of cholesterol intake will in-
crease over time, resulting in possible attenuation of relations
between dietary cholesterol and CVD.

In this review, we identified areas of further exploration on
dietary cholesterol and CVD risk. In the included trials, healthy
adults consumed high doses of dietary cholesterol, mostly pre-
pared from eggs. The intervention doses administered were
typically greater than average American intakes of cholesterol.
The mean intake for adults in the United States is 350 mg/d for
men and 240 mg/d for women (2), whereas the doses in the
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included trials ranged from 500 to 1400 mg/d. Further trials are
warranted to examine the effect of cholesterol intakes between
300 and 500 mg/d on serum lipids in healthy populations to better
understand the possible effects of typical cholesterol intakes at
the population level.

In addition, eligible studies reported limited subgroup data to
account for individual variation in response to dietary cholesterol
(69). This variation can partly be explained by factors including,
ethnicity, hormonal status, obesity, lipoprotein disorders, and
genetic predisposition (7, 70). Few studies in our review con-
sidered separate sex, age, ethnicity, and hyper- or hyporesponding
subgroups. Further studies are warranted to examine the role of
individual variation in serum lipid concentration response to in-
creasing dietary cholesterol.

The limitations of this review reflect, to a large extent, the
limitations of the data available in primary studies. In the ob-
servational studies, the outcome was ascertained differently
across studies by self-report, medical record examination, or
death certificates. A positive self-report is generally quite ac-
curate in large epidemiologic studies. However, dietary expo-
sures are more prone to misclassification. In the observational
studies included in the review, cholesterol intake was typically
ascertained only once at baseline, but exposure ascertainment
once at baseline may not truly reflect long-term intake status.
There was also substantial heterogeneity among studies. Studies
evaluated a variety of CVD outcomes, used a mixture of metrics
to measure disease risk, and used a range of potential confounders
in multivariable analysis. Importantly, only a handful of studies
adjusted for potentially confounding dietary variables such as
fiber, energy, and saturated fat. Finally, study participants were
mostly males, and race-ethnicity information was rarely reported,
thus limiting the applicability of the reviewed evidence to other
racial groups and women. In the intervention studies, the studies
reviewed were also heterogeneous, with varying randomization
and design schemes, a wide variety of intervention and control
doses of dietary cholesterol, and different populations and sub-
groups of interest. We accounted for design and dose differences
in subgroup analysis; however, there were too few studies to
define the effect of dietary cholesterol on blood cholesterol
concentrations within population subgroups.

The role of LDL and HDL subparticles has not been examined
in this review. Emerging data from other studies suggest that large
LDL and large HDL associated with dietary cholesterol are less
atherogenic lipoproteins and offer an increased protection against
atherosclerosis (71, 72). Large HDL has been related to efficient
reverse cholesterol transport and improved metabolic health.
Further studies are needed to assess the effects of dietary cho-
lesterol on lipoprotein subparticles.

In conclusion, the effect of dietary cholesterol on incident
CAD and serum cholesterol outcomes remains unclear. In-
tervention trials showed a statistically significant increase in total,
LDL, and HDL cholesterol when comparing intervention doses
of 500-900 mg/d dietary cholesterol with control doses. Lower
intake of dietary cholesterol has been recommended by some to
optimize clinical outcomes or prevent incident CAD; however,
there is a lack of longitudinal data (observational or trials) to
support such a recommendation. It is therefore imperative that
longitudinal observational studies are conducted with frequent
exposure ascertainment and appropriate control for potential
dietary confounders. Additional long-term trials should be
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conducted to examine dietary intake of cholesterol between 300
and 500 mg/d to test the potential role of typical dietary cho-
lesterol intakes on clinical outcomes.
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